BC of soils (van Breemen et al., 1983). Soil acidification may be defined as the loss of ANC and does not neces-
released into solution during buffering are not removed
Cd released by the dissolution of oxides were adsorbed onto the soil from the system and therefore affect further reactions matrix, explaining the slower decrease of the Pb and Cu release (Kaupenjohann and Wilcke, 1995a) . When a convenrates. The percentages of weakly bound heavy metals decreased more tional titroprocessor is used, for example, the cumulamarkedly during the titration than those of metals bound to Fe oxides.
tive Fe release reaches a constant value after a short
Increased H
؉ inputs into Slovak soils will cause enhanced metal release period of time, which is probably controlled by the soluinto soil solution.
bility product of Fe oxides (Kaupenjohann and Wilcke, 1995b) . When an ion exchanger is used, the products of the buffer reactions are removed from the solution M any soils in industrialized countries are afand the pH is kept constant due to equivalent proton fected by acid depositions from the atmosphere release (Kaupenjohann and Wilcke, 1995b) . (Reuss and Johnson, 1986) . In Slovakia and other cenSoil acidification can damage fine roots and soil ortral and eastern European countries, acid depositions ganisms (Rehfuess, 1981) . The leaching of nutrients rewere often neutralized by the simultaneous emissions leased during buffer reactions may cause nutrient defiof alkaline fly ashes (Draaijers et al., 1995; Semb et al., ciency in plants (Kaupenjohann, 1989) . Aluminum and 1995) . As a consequence of the political changes in the heavy metal concentrations may reach concentrations beginning of the 1990s, alkaline dust emissions have toxic to plants or may result in the enhanced metal been reduced, resulting in an increasing acidity of the uptake by plants, thus accumulating in food chains depositions (Hedin et al., 1994; Semb et al., 1995) . (Tyler et al., 1989 ), but only a few studies have focused The introduced protons result in many buffer reacon heavy metal release in proton buffer reactions tions in the soils (Matzner and Ulrich, 1984; Schwert-(Kaupenjohann and Wilcke, 1995a). mann et al., 1987) . While the reduction of variable
The objectives of this study were (i) to examine the charge at the surface of clay minerals and humic submetal release in H ϩ buffer reactions of Slovak soils stances is reversible, carbonates, silicates, oxides, and varying in pH and (ii) to assess the impact of proton hydroxides are dissolved irreversibly (Ulrich, 1981 ; Sü sbuffering on heavy metal partitioning in these soils. ser, 1987). Heavy metals associated with the dissolved compounds, are released into the soil solution (Kaupen-MATERIALS AND METHODS johann and Wilcke, 1995a) .
Study Sites and Soils The acid-neutralizing capacity (ANC), which equals the sum of the buffer capacities (BC) of all individual Using 2 g of soil, soil/solution ratios of Steps 1 to 6 were
Soil Extractions and Chemical Analyses
1:25. After each extraction step from 2 to 6, the samples were All samples were air dried and homogenized by sieving to washed with the preceding extractant (2, 3, and 6), the same Ͻ2 mm. We used a sequential chemical extraction method extractant (5), or NH 4 OAc, pH 4.6 (4; soil/solution ratio 1:12.5, (Zeien and Brü mmer, 1989; Zeien, 1995) to determine seven shaken for 10 min, Steps 2 and 4-6 one time, Step 3 two times). metal fractions in the samples. The fractions approximately
For the extraction, we used acid-rinsed 80-mL polycarbonate characterize the assigned pools but do not exactly extract a centrifuge bottles. The solution was separated from the soils well-defined metal form. Increasing fraction numbers denote by centrifuging at 2800 g for 15 min. The washes were comincreasing binding strengths.
bined with the preceding extract. Further information on the F1 (Fraction 1): readily soluble and exchangeable (1 M procedure is given by Zeien (1995 Statistical analyses were performed using STATISTICA for Windows 5.1 (Statsoft of Europe, Hamburg, Germany). The normality of the data set was tested with the Kolmogorov-
Batch pH stat Experiment
Smirnov test (Liliefors probabilities). Means were compared We used the batch pH stat method of Kaupenjohann and by "paired differences" (Hartung, 1989) . Nonlinear equations Wilcke (1995b), which we slightly modified. The products of were fit to the STATISTICA module "Nonlinear Estimation" the buffer reactions were continuously removed from the sysusing the least squares loss function and the Quasi-Newton tem by adsorption onto an ion-exchange resin, while, as the estimation method. result of an equivalent release of protons, pH was kept constant. We sieved a mixture of strongly acidic cation-and strongly alkaline anion-exchange resin (Amberlite MB-20,
RESULTS AND DISCUSSION
Merck, Darmstadt, Germany; cation-and anion-exchange capH of the Soil Suspensions pacity: each 1 mol c L Ϫ1 ) to Ͼ0.63 mm and inserted 2 g of the sieved material into a polyethylene (PE) bag using a net with At the beginning of the experiment, the pH of the a mesh width of 0.5 mm. After saturating the exchange resin soil suspensions was higher than the target pH; however, with HNO 3 , it was rinsed thoroughly with deionized water to in seven of 10 experiments, pH 3.0 was reached after remove free acid. In a 250-mL PE bottle, we added 100 mL of 30 min (Table 2 ). In three neutral to weakly acid samples deionized water to 2 g of soil sample. After 1 h, the equilibrium between soil and water was reached and pH was constant.
(1, 2, and 4), the target pH was reached only after 2 h. extracted cannot be entirely ruled out. Prior to the calculation
of the cation release in one time step during the pH stat experiment, not more than one outlier of the five or three replicates
This process could contribute to the pH decrease toward was eliminated using the Grubbs test (P Ͻ 0.05; Hartung, 1989) . To calculate the total quantity of buffered protons we the end of the experiment. also on the stirring speed. Furthermore, the high initial Sü sser (1987) and van der Salm and Verstraten (1994) pH values in our experiments may also have slowed also observed the cation release to be higher than the down buffer reactions. proton consumption at the end of pH stat experiments
The reaction of the "fast" buffer system (k ≈ 0.01-0.05 with a titroprocessor. h Ϫ1 ; Sü sser, 1987) was two orders of magnitude slower than the very fast one. Even after 4 d of reaction this
Kinetics of the Buffer Reactions
buffer was not exhausted. According to Sü sser (1987), Sü sser (1987) described the proton buffering in soils the protolysis of Al hydroxo compounds is the dominant during pH stat experiments as the sum of two independent buffer reaction. first-order reactions:
Heavy Metal Release
There were no systematic differences in the trace Ϫ BC 2 exp(Ϫk 2 t)
[3] metal release between the studied soils. Therefore, we where H b (t) are the buffered protons at time t [mmol c show the average release from all soils in Fig. 1 . Within kg Ϫ1 ], BC i is BC of the buffer system i (mmol c kg Ϫ1 ), k i 96 h, the cumulative metal release into the solution is the rate coefficient of the buffer system i (h Ϫ1 ), and decreased in the order: Cd Ͼ Pb Ͼ Cu Ͼ Zn Ͼ Ni Ͼ t is the time after starting the titration (h). The BC is defined as the total amount of H ϩ that can be neutralized by a buffer system; buffered protons are those that are neutralized by reactions with the soil matrix. Schaller and Fischer (1985) and Sü sser (1987) assigned the "very fast buffer system" (k 1 ≈ 1 h Ϫ1 ; Sü sser, 1987) that is exhausted within a few hours to the protonation of variable charge. As in some of our samples the BC 1 was greater than the ECEC, other compounds seem to buffer protons, too (Tables 1 and 3 ). The k 1 values calculated by Sü sser (1987) are, probably because of methodological differences, two to ten times higher than ours. The reaction rates in batch pH stat experiments depend on the shaking speed (Schaller and Fischer, 1985) and in experiments using a titroprocessor presumably the titration (h). Release capacities and rate coefficients Cr. The Zn release showed a high variability between of this empirical fit cannot be assigned to well-defined the samples, which was not related to soil pH. Within buffer substances. For each sample and each metal, we 96 h, between 0% (Sample 10) and 84% (Sample 4) of calculated the release rate as the first derivation of the the initial Zn content in the soil was released. The order fitted function and expressed it as the percentage of the of the cumulative metal release reflects element-specific total concentration (Fig. 2) . In the first 4 h, the average partitioning; most of the Cd was extracted with F1 and release rate decreased in the order: Cd Ͼ Zn Ͼ Ni Ͼ F2. The most important fraction for Pb and Cu was F4, Cu Ͼ Pb Ͼ Cr. The Cd release rate dropped below which characterized organically bound heavy metals, those of the other trace metals, except for Cr. The rates whereas most of Ni and Cr were extracted with F7. The of Cu and particularly of Pb decreased more slowly than Zn partitioning in our samples was highly variable (e.g., those of the other metals, indicating a delay in release 14-63% bound to F7). into solution. After 4 d, the release rates of Cd, Cu, Ni, In order to describe the trace metal release mathematand Zn were comparable, while the rate of Pb was higher ically, we fit an exponential function to the release and that of Cr was lower. curves for each metal:
The total metal concentrations after 4 and 96 h (sum RL(t ) ϭ RC 1 Ϫ RC 1 exp(Ϫr 1 t) ϩ RC 2 of the concentrations in all seven fractions and the concentration released into solution) were on the average Ϫ RC 2 exp(Ϫr 2 t)
[4] 99.6 Ϯ 28.6% of the initial concentration (Fig. 3) . where RL(t) is the cumulative heavy metal release at Heavy metal concentrations in F7 varied only within time t (mmol c kg Ϫ1 ), RC is the release capacity of the the determination error. The reactivity of silicates is too buffer system i (mmol c kg Ϫ1 ), r i is the rate coefficient of low for the release of significant heavy metal concentrations through H ϩ buffering in pH stat experiments lasting the buffer system i (h Ϫ1 ), and t is the time after starting age remaining in F2 through F7 was comparable in both groups; however, in the less acid samples, about onethird of the released Cd was adsorbed onto the exchangers. In the more acid samples, ions released through oxide dissolution like Al, which are more competitive for exchange sites, exchanged Cd. The delay in release into the solution because of the immediate adsorption onto the soil matrix decreased in the order: Pb (on the average 42% of the release from F2-F7 is adsorbed onto the soil in forms extractable with F1) Ͼ Cu (12%) Ͼ Zn (7%) Ͼ Cd (on the average net release from F1, Fig. 4) , which reflected the competitiveness for exchange sites.
CONCLUSIONS
The release of heavy metals from soils during buffer reactions depends on their partitioning. The cumulative percentage of the total metal concentration released into solution during 96 h decreased in the order: Cd Ͼ Pb Ͼ Cu Ͼ Zn Ͼ Ni Ͼ Cr. In the beginning, the Cd release rate was highest, but decreased after 48 h below that of Pb, Cu, Ni, and Zn. The Cr release rate was lowest in all studied soils during the whole experiment.
Heavy metals released during the dissolution of the sorbents, such as oxides, were partially adsorbed onto the soil matrix. This resulted in a delay of release into solution in the order: Pb Ͼ Cu Ͼ Zn Ͼ Cd, reflecting the competitiveness for exchanger sites. The adsorption occurred to a higher extent in the less acid soils. The results also demonstrate that increased H ϩ inputs into Slovak soils, as a consequence of reduced alkaline fly 
